The sense of taste is an oral chemical sense in mammals that is involved in the choice of foods. Initial transduction of taste stimuli occurs in taste buds, which are distributed in four discrete fields in the oral cavity. Medications can affect the taste buds and ion channels in taste-bud cell membranes involved in stimulus transduction. The sense of taste gradually declines with aging, with bitter taste most affected. Neural circuits that mediate taste in primates include cranial nerves VII, IX, and X, the solitary nucleus in the brain stem, the ventroposteromedial nucleus of the thalamus, and the insular-opercular cortex. The central taste pathways process taste information about sweet, salty, sour, and bitter stimuli serially and in parallel. Medications associated with "metallic" dysgeusia and taste losses affect the taste system via unknown mechanisms.
I. INTRODUCTION
This article is primarily a review of the basic neurobiology of the sense of taste. Critical issues are addressed by citing selected recent studies, except when classic or unique studies are all that are available. Recent reviews that cover most topics more thoroughly are also cited. The assumption is that clinical phenomena cannot be understood until the structure and function of the taste system are defined. Effects of aging and medications on taste are described within the context of the relevant biology. Drug effects and aging effects on the perception of a specific taste quality are discussed in the context of signal transduction of that stimulus quality. Effects of cytotoxic drugs on taste perception and effects of aging on taste-bud numbers are discussed within the context of the biology of taste buds.
Drugs that may affect appetite via the taste central nervous system and drugs that serve as unconditioned stimuli for learned flavor aversions are discussed in the context of appetite and flavor aversions. Finally, medications that result in taste losses and metallic dysgeusia are discussed in the context of taste disorders.
The sense of taste is an oropharyngeal chemical sense that is activated during eating, drinking, and food sampling in humans. The taste system evaluates potential food for beneficial (nutritional) and deleterious (poisonous) chemical features. The taste system contributes to the control of salivation and swallowing, reflexes of ingestion and egestion and motivational systems required for eating, and it mediates conscious taste sensations. With aging, ratings of stimulus intensity are reduced in the chemical senses of taste and smell (Cowart, 1989) , which are often co-activated. However, taste thresholds may not increase as much as smell thresholds with aging (Cowart, 1989) . To the degree aging affects taste sensations, loss of interest in nutritious food may develop in the elderly. Taste supplements may be added to foods to increase intake (Schiffman and Warwick, 1989) . Attractive tastes are used in designing food, beverage, and oral health-care products to increase markets and compliance, sometimes without consumer health in mind. Useful medications often have unattractive bitter tastes that require masking. Foods and medications can be sweetened or salted to potentially harmful levels. Overindulgence of the sweet or salty tastes contributes to serious common health problems, including obesity, hypertension, and destruction of hard and soft tissues in the oral cavity. The attractiveness of these tastes may be innate but can be nurtured or controlled by experience (Schulkin, 1991 ). Yet, the elderly, whose sense of taste is reduced, prefer stronger concentrations of sweet and salty stimuli than do younger people (Murphy and Withee, 1986 ). Local or systemic medications can reduce or distort the sense of taste (Rollin, 1978; Schiffman, 1983; Mott, 1991) . Considering the elementary value of the sense of taste to human health and the modern emphasis on preventive medicine, taste physiology and anatomy have been studied sparsely.
II. THE CHEMICAL DIMENSIONS OF TASTE
An accurate definition of the sense of taste in humans is not derived as easily as it may seem. People describe chemical sensory experiences as tastes if they are associated with food, even when other chemosensory systems are involved. As a consequence of this confusion, patients frequently present with "taste" problems who have demonstrably normal taste systems but olfactory deficits (Gent etal., 1987) . Using chemical stimuli that neither smell nor irritate, psychophysicists have divided "pure" taste stimuli into four qualitative categories: sweet, salty, sour, and bitter (Bartoshuk and Gent, 1985) . It is not certain that all taste experience is described by those four adjectives (Erickson, 1985) . Taste stimuli have also been described as alkaline or metallic, and recently, the "umami" taste, which is epitomized in the taste of monosodium glutamate, has been of interest (Lawless, 1987) . The degree to which these additional sensations are pure tastes is currently under investigation. For example, it has been shown that the metallic "taste" of iron salt solutions disappears when the nose is clamped (Hettinger et al. 9 1990) .
Chemical characteristics (Figure 1 ) of natural sweet, salty, sour, and bitter stimuli have been defined (Moncrief, 1967) , and molecular configurations have been synthesized that elicit tastes (Walters et al. 9 1991) but do not have the physiological consequences of the natural stimulants. The sweet taste, associated primarily with caloric sources, is stimulated by chemicals with a number of hydrophilic molecular structures such as sugars, certain amino acids, and artificial sweeteners (e.g., saccharin and aspartame). The "pure" salty taste is elicited by sodium, an essential mineral, and lithium salts, but some potassium and ammonium salts are also salty. It has been very difficult to develop a non-sodium salty stimulus because lithium salts are toxic and nonsodium/lithium salts have a bitterness. Acids are sour, but dissociated hydronium ion concentration (pH) is not the sole determinant of sourness. The bitter taste, associated with poisons, is elicited by lipophilic compounds with diverse chemical structures, including alkaloids, thioureas, bile acids, and glycosides. Certain amino acids are also bitter. Many medications are bitter.
By far the majority of the physiological work on vertebrate taste systems has focused on understanding the sweet, salty, sour, and bitter tastes. In fact, it has been assumed that these four qualities are mediated by four relatively separate sensory submodalities. The finding that humans can detect sweetness, saltiness, sourness, and bitterness in mixtures (Batroshuk and Gent, 1985) is taken as evidence for their distinctiveness. Taste systems of a variety of terrestrial and aquatic vertebrates have been probed with taste stimuli that elicit four taste qualities in humans. Yet behavioral and physiological studies of carnivorous, omnivorous, and herbivorous terrestrial mammals suggest that each species' taste system is in tune with the food sources for which it is specialized (Hellekant et al., 1981; Boudreau et al., 1985) .
III. FIELDS OF TASTE RECEPTORS IN THE ORAL CAVITY
Taste receptors occur in taste buds that are found in four discrete fields within the human oral cavity. One field encompasses the dorsal and lateral surfaces of the anterior two thirds of the tongue. In this anterior lingual field, taste receptors are most concentrated at the tip of the tongue, and their numbers progressively fall off posteriorly and dorsally. In this field, taste buds are located superficially on the cup-shaped surfaces of connective tissue cores within the epithelium of mushroom-shaped fungiform papillae ( Figure  2 ). More than half of the human fungiform papillae identified in cadaver material contain no taste buds (Miller and Bartoshuk, 1991) . In one sample, three quarters of taste-bud-bearing papillae contained one to three taste buds, although a few papillae each contained more than a dozen taste buds (Arvidson, 1979) .
The second oral taste field, the palatal field, lies in the stratified squamous and columnar epithelia covering the soft palate. The taste buds in this field have not been studied extensively, either structurally or physiologically. In several mammalian species, the numbers of taste buds in the palatal field approximate the numbers in the anterior lingual field (Travers et al., 1987) . Apparently, palatal taste buds are not associated with papillae of any form.
Taste receptors in the third and fourth oral fields are found below the tongue's surface within trenches of foliate and circumvallate papillae, respectively. In these posterior lingual fields, the great numbers of taste buds within the epithelium of the walls of the trenches are bathed with secretions of Von Ebner serous glands. The fleshy protrusions, called foliate papillae, are located at the lateral edge of the tongue immediately anterior to the palatoglossal arch and have varied
Pore
Apices of Bud Cells FIGURE 2. A section through the middle of a fungiform papilla of a golden hamster, showing a taste bud (TB), peripheral (P) cells, and the papilla connective tissue (CT) core. The taste pore (into which the apices of the taste-bud cell project), blood vessels (BV), stratum granulosum (SG), and stratum corneum (SC) are labeled. Bar = 20 |xm. Stain = toluidine blue. (This figure is modified from Figure 1 in Whitehead et al. (1985) . With permission.) leaflike shapes. The more anterior lingual rugae (Hou-Jensen, 1933 ) have sometimes been mistaken for foliate papillae in humans. Each of the dozen circumvallate papillae has a circular appearance at the tongue's surface. Circumvallate papillae occur in a chevron-shaped pattern pointing posteriorly and define the posterior limit of the dorsal surface of the tongue. Thousands of taste buds occur on the walls of these papillae, which are surrounded by circular trenches. In addition to the oral fields, numerous taste buds are also found on the laryngeal side of the epiglottis. Epiglottal taste buds are thought to primarily sense chemicals in order to protect the airway, and they may not contribute to taste perception (Smith and Hanamori, 1991) . The loci of oral taste fields suggest that their chemoreceptor populations serve different functions. In the anterior lingual and palatal fields, groups of a few superficial taste buds are distributed over an expansive epithelial surface, albeit with varying density. In the posterior lingual fields, however, many taste buds are confined to trenches well below the surface of the tongue. In fishes, anterior taste buds, most of which are on the external body surface, appear to be involved in locating and identifying nutrients. Taste buds within the posterior oral cavity appear to implement swallowing or rejection of food items (Atema, 1971; Finger, 1987) .
Although the several oral receptive fields may play different roles, taste function in humans is frequently studied as a "whole-mouth" sense (Bartoshuk, 1989a; Schiffman <?f a/., 1990) . Subjects sample taste solutions from cups and are given instructions to distribute the solutions over all oral taste-bud fields. Recent studies that assess function in the different taste fields separately (Bartoshuk, 1989b) should determine whether the information provided is redundant. In wholemouth tests, samples of young people ascribe greater intensities to their taste sensations (after correcting for responses to water) than samples of aged people (Figure 3 ). Aged people apparently attribute a stronger taste to water than young people do. Particularly noteworthy is that a tenfold increase in stimulus concentration is accompanied by, on the average, a 3.7-fold increase in taste intensity for the aged, compared with a 5.9-fold increase for the young. Thus, although some Stimulus FIGURE 3. The perceived taste intensity of a concentration series of sucrose, NaCI, citric acid, and quinine-HCI solutions in young and aged adults. Separate data for the four compounds, given in Bartoshuk et al. (1986) , were averaged. The taste intensity given to water was equated for the young and aged. The concentration at which a clear increment above the taste intensity ascribed to water (mean for young: 1.9, as shown; mean for elderly: 7.1) was designated stimulus 1. The next seven higher concentrations were designated stimuli 2 through 8. Concentrations were tested at one fourth log steps between 0.018 and 1. aged individuals rate tastes as strong as young people, tastes are less distinct for the aged than the young, with concentration differences not as clear.
IV. THE TASTE BUD
After routine staining, microscopic taste buds (50 to 200 |xm in diameter) are seen easily ( Figure  2 ) in epithelial fields where taste can be elicited. They are trophically maintained by primary afferent neurons in adult vertebrates (Oakley, 1985) , although taste-bud "anlage" remain in fungiform papillae after nerve section (Whitehead et a/., 1987; Barry and Frank, 1992) . Taste buds are comprised of 50 to 100 cells that form a distinct spherical organ that is grossly similar in all vertebrate taste fields. The majority of the cells are spindle shaped, having long axes oriented toward the surface of the epithelium and basal lamina. The apices of the cells protrude above the surface of the epithelium into a taste pore that contains mucus. Several types of cells are seen with the electron microscope (Kinnamon, 1987) . Cells with dark cytoplasm are more likely to be located around the periphery of the bud, and cells with light cytoplasm near its center. Tight junctions tie apical membranes of bud cells together. Dark cells are most numerous, contain secretory granules, may be coupled via gap junctions, and show surface microvilli. They are thought to play a supporting and/or secretory role. Light cells are much less numerous; they contain extensive smooth endoplasmic reticulum, and some possess an apical clublike protrusion that extends to the surface of the mucus. Light cells are thought to be the cells that are directly involved in the transduction of taste stimuli. Spherical basal cells, seen at the base of taste buds in posterior lingual fields, represent a small percentage of the cells in the bud. These cells are thought to be stem cells for the continually generating mammalian taste bud. Stem cells are thought to surround the periphery of buds within anterior lingual taste fields (Figure 2 ).
Taste-bud cells turn over at a fairly rapid rate in mammals (Beidler and Smallman, 1965) . Autoradiographic studies of the distribution of silver grains after injection of tritiated thymidine indicate a life span of 10 d. The number of stem cell populations from which the mature taste bud derives is a matter of debate (Delay et al., 1986) . Some propose that the different cell types in the bud form sequentially from one cell line; others suspect that dark and light cells are generated from different cell lines (Farbman, 1980) . Observations of but a few taste-bud cells undergoing mitosis have not been helpful in this matter. A rapid turnover of the taste-bud cell population is considered a problem for the stable transmission of information about taste to the brain. However, turnover does provide the potential for a rapid recovery from injury if the stem cells are preserved (Barry and Frank, 1992; Sato and Kamata, 1984) .
Antineoplastic drugs (Table 1) have been associated with taste losses, especially at high doses (Schiller et al. 9 1989) . For example, electrogustometric thresholds were elevated in 5 of 50 patients treated weekly with bleomycin for 5 weeks (Soni and Chatterji, 1985) . Taste loss was first observed in the second week of chemotherapy and was reversed 10 to 12 weeks after chemotherapy was discontinued. The effects of cytotoxic drugs on the taste system has been associated with normal rapid turnover of the tastebud receptor cells. Taste losses, however, may also be secondary to salivary gland injury, which clearly affects taste-mediated behaviors in animals (Brosvic and Hoey, 1990; Catalanotto et al., 1986) .
The basolateral membranes of taste receptor cells may be specialized for direct synaptic transmission to innervating primary afferents. In electron micrographs, many primary afferent nerve endings are seen within taste buds, particularly near the cell nucleus. However, clear morphological evidence for typical excitatory synapses is not commonly observed. In fact, in aquatic vertebrates, synaptic specializations are more often seen between bud cells than between a bud cell and nerve ending. The taste bud may not be as simple a sensory end organ as it has been commonly thought to be. It may contain networks of interacting cells that process taste information before transmission to nerve endings (Roper, 1989) . This possibility might help explain the differences between electric taste stimulation and chemical taste stimulation (Ninomiya et al., 1987 and . The anodal electrical stimulus may bypass some of the circuitry of the bud (Herness, 1988; Frank and Smith, 1991) . The effect of aging on taste has been attributed to a decline in the numbers of taste buds in the oral cavity. However, more recent evidence from nonhuman (primate: Bradley et al., 1985; rat: Mistretta and Oakley, 1986 ) and human material suggests that the numbers of taste buds in aged and young individuals differ slightly (Mistretta, 1989) . For example, in long-lived rats, those older than 30 months had about 10% fewer fungiform taste buds than those younger than 6 months (Mistretta and Oakley, 1986) . In rats it is relatively easy to count taste buds in fungiform papillae, because one bud is found in each papilla Daily doses are given for penicillamine, captopril (group averages), cisplatin, and amiloride; dose information for bleomycin was not included.
and the fungiform are easily distinguished from the taste-budless filiform epithelial spikes. In humans, however, it is much more difficult to distinguish between papilla types, given the varied topography of the anterior human tongue (Miller and Bartoshuk, 1991) . This difficulty may contribute to the variability reported on human fungiform taste-bud numbers (Arvidson, 1979) . The number of taste buds identified on the tip of the tongue varied widely in material from five people who died at younger than 50 years (4-170, median 130 taste buds) and five people who died at older than 70 (21-150, median 50 taste buds). With such within-age-group variation, it would be difficult to verify an average 10% loss in tastebud numbers with aging .
V. TRANSDUCTION OF TASTE STIMULI
It is generally assumed that there is more than one mechanism of transduction (Kinnamon, 1988; Avenet and Kinnamon, 1991) for chemicals that taste (Moncrieff, 1967) . Taste stimuli can be broadly divided into ionic and nonionic varieties ( Figure 1 ). Transduction of ionic taste stimuli is thought to involve ion channels directly, whereas transduction of hydrophilic nonionic taste stimuli may require binding to membrane-bound, proteinaceous receptors and transduction of lipophilic nonionic taste stimuli may include their dissolving into the lipid bilayer of the membrane (Teeter and Brand, 1987) . Typically, transduction mechanisms for sweet, salty, sour, and bitter stimuli are studied separately, although it is recognized that there may be more than one mechanism for each taste quality (Jakinovich and Sugarman, 1988) . Chemical structures that elicit the sweet quality, for example, are varied ( Figure 1 ) and may not all interact with the same molecular receptor. Studies of cellular events that are the bases for taste transduction are impaired by the difficulty in attributing roles to the types of tastebud cells and the small size of the cells.
Traditional biochemical isolation and binding studies have attempted to identify membranebound, proteinaceous receptors for sweet taste in mammals and "amino acid" taste in catfish (Teeter and Brand, 1987) . Studies of sweet-binding proteins have been hampered because most natural sweet stimuli show weak binding (half-saturation near 100 mM). Current evidence suggests that cyclic nucleotides act as intracellular second messengers for sweet transduction (Teeter and Gold, 1988) . Amino acid taste stimuli for catfish (Caprio, 1978) have effects that suggest stronger binding (half-saturation at micromolar levels). "Amino-acid-binding" glycoproteins have been isolated from catfish barbels and partially characterized (Teeter and Brand, 1987) . Amino acids are sweet/bitter to humans. The sweet taste does appear to diminish with aging in humans (Schiffman et aL, 1981; Moore et al., 1982) , although to a lesser degree than the salty, sour, and bitter tastes (Weiffenbach, 1987) . In fact, neurophysiological recordings from the chorda tympani nerve in old long-lived rats suggest that the responses to the sweet stimulus sucrose are relatively preserved with aging in comparison to responses to salty sodium chloride (McBride and Mistretta, 1986) .
Proteins that specifically bind bitter compounds such as quinine (half-saturation at micromolar levels) have not been found. The di-verse lipophilic chemicals that are bitter and their 1-million-fold effective ranges indicate that they may be having general effects on taste cell membranes. A release of calcium from intracellular stores following bitter stimulus reception suggests an inositol phospholipid pathway in bitter transduction (Akabas et al., 1988) . Although perceived intensities of high concentrations of chemicals of all taste qualities may be reduced in the aged (Schiffman et al., 1981; Weiffenbach, 1987) , it is the bitter taste that is most affected Weiffenbach et al., 1986; Bartoshuk et al., 1986) , as can be seen in Figure 4 . Weiffenbach et al. (1986) report that the intensity of strong quinine is estimated to be about 40% less intense in the elderly, whereas strong sucrose intensity is slightly reduced. This differential bitter loss is also seen for caffeine Gilmore and Murphy, 1989) , although caffeine and quinine bitter sensitivities are not always linked in humans (Hall etal., 1975) .
Acids may taste sour because hydrogen ions enter taste receptor cells and inactivate voltagedependent potassium channels during stimulus transduction (Kinnamon and Roper, 1988) . The relevant potassium channels appear to be concentrated in the apical membrane, where stimuli interact with the cell membrane (Kinnamon et al., 1988) . However, ionic stimuli could also have paracellular effects (Harper, 1987; Elliott and Simon, 1990; Ye etal., 1991) . The intensity of sour-tasting acids is reduced with aging but less than the bitter taste Weiffenbach et al., 1986; Figure 4) . In electrogustometry, which is useful in identifying losses in ionic taste perception (Frank and Smith, 1991) , small anodal currents (1 to 100 |JLA) are applied to the tongue, resulting in a sour-metallic taste. The average electrogustometric threshold increases from about 10 to about 60 fxA from age 15 to age 65 (Krarup, 1958; Figure 5) .
Ionic sodium-salt taste stimuli may directly enter taste cells through ion channels, carrying currents of transduction. Transepithelial currents have been observed across mammalian lingual epithelia that correlate with neural responses of afferent neurons to sodium salts (DeSimone et al., 1984) . When applied to the tongue, amiloride, an epithelial ion-channel blocker and diuretic 
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.56M .56M .01M .0001M FIGURE 4. The percentages of decrease in perceived intensity of strong sweet (0.56 Msucrose), salty (0.56 M NaCI), sour (0.01 M citric acid), and bitter (0.0001 M quinine 2 • H 2 SO 4 ) taste stimuli in aged compared with young adults. Taste intensity judgments made by 44 people between 22 and 39 years old (<40 years) and 44 people over 70 years old (>70) were reported by Weiffenbach et al. (1986) . The data are expressed as percentages of decrease. FIGURE 5. Threshold for anodal current (\xA) applied to the surface of the anterior tongue with a 5-mm-diameter stainless steel electrode as a function of age. The ages are midpoints of 10 years for groups containing 20 people each. The points are means and standard errors for data given in Krarup (1958) . A leastsquares fit is shown by the solid straight line. For comparison, the effect of age on threshold for NaCI (m/W) is indicated by a dashed line, established with data presented in Weiffenbach et al. (1982) for 81 people ranging in age from 23 to 88 years. Electric taste and NaCI thresholds increase progressively with age.
utilized in the treatment of hypertension, drastically reduces transepithelial currents and responses of taste neurons that are specific for sodium/lithium salts (Ninomiya and Funakoshi, 1988) at micromolar concentrations . When ingested at therapeutic doses (Table 1) , amiloride does not appear in the saliva. However, within 2 weeks, amiloride results in reduced salivary sodium levels and a reliable decrease in NaCl taste recognition threshold (9 to 6 mM), which persist for an 8-week medication period (Mattes et al, 1988) . As with other drugs that affect taste through a systemic route (Rollin, 1978) , taste thresholds return to normal within 3 weeks. Thus, systemic amiloride increases NaCl sensitivity, presumably by decreasing salivary sodium levels with its diuretic properties. However, direct application of amiloride to the tongue decreases NaCl taste responses by blocking a sodium channel necessary for salt-taste transduction . A topical medication that profoundly affects the ability to appreciate the salty taste of NaCl is chlorhexidine gluconate when used as a mouthwash for removal of dental plaque (Lang et al., 1988; Frank and Smith, 1991; Helms and Frank, 1989) . Rinsing with prescribed chlorhexidine solutions profoundly reduces the perceived intensity of sodium chloride and quinine hydrochloride solutions (Figure 6 ). It has no significant effect on the tastes of citric acid or sucrose solutions. Chlorhexidine effects are reversible after termination of medication. Effects of chlorhexidine on salt and bitter taste may be independent. Sodium salt transduction likely involves ion channels that exist primarily on the anterior tongue (Formaker and Hill, 1991) , and bitter transduction involves effects of lipophilic stimuli on cell membranes, which occur primarily on the posterior tongue in rodents (Frank, 1991) . Evidence suggests that chlorhexidine binds strongly to tissue, remaining for many hours after application, and its effects include making bacterial cell membranes "leaky" (Gardner and Gray, 1983) .
Aging has an effect on sodium-salt detection in humans (Grzegorczyk et al, 1979; Weiffenbach et al, 1982; Schiffman et al, 1990) , with a gradual tripling of the average NaCl threshold concentration (0.002 to 0.006 M) occurring from 15 to 65 years of age ( Figure 5) . A much higher NaCl threshold (0.02 M) is seen in 75 year olds (Schiffman et al, 1990) . The variability in measured taste thresholds at any age is often quite large (Bartoshuk et al, 1986) , requiring the testing of many subjects with sensitive methods (Weiffenbach, 1987) to define a trend.
The differential effects of aging on sensations of different taste quality, with bitter affected the most and sweet the least, suggest that the distinct cellular mechanisms of taste transduction are differentially affected by aging . It seems less likely that an aging effect on the processing of taste information by the central nervous system would affect bitter perception more than sweet. It is also unlikely that cognitive difficulties of the elderly would affect perception of one taste quality more than another. Thus, clues to the effects of age on taste may come from a greater understanding of the differences between the transduction of sweet hydrophilic stimuli and bitter lipophilic stimuli.
Intracellular electrophysiological recording from mammalian taste-bud cells in vivo has proven to be difficult. The sparse data suggest that individual taste cells are not specialized for chemicals of one taste quality. The nonspecificity could reflect difficulties in recording intracellularly from small cells. Alternatively, it is possible that each cell type in the bud plays a specialized undefined role in the process (Roper, 1989 ) that may not be directly associated with taste quality. Studies on aquatic vertebrates suggest that different populations of cells play distinct transductory roles. For example, one class of frog taste cell depolarizes but another hyperpolarizes to NaCl (Sato and Beidler, 1975) . In the mud puppy, the relatively large taste-bud cells respond to injected current with a single action potential. The action potential is blocked by tetrodotoxin, which implies it is mediated by voltage-gated sodium channels (Kinnamon and Roper, 1987) and suggests that the membranes of some taste-bud cells have active, neural properties (Avenet and Kin- namon, 1991), although amiloride sensitivity of salt reception suggests that some taste-bud cells have passive, epithelial properties.
VI. PRIMARY TASTE AFFERENT NEURONS
Taste buds are innervated by sensory afferent relay neurons. The different taste fields are served by branches of the facial (Vllth), glossopharyngeal (IXth), and vagus (Xth) cranial nerves. Soma of the pseudo-unipolar sensory neurons lie in the geniculate, petrosal, and nodose cranial ganglia for nerves VII, IX, and X, respectively. The anterior lingual taste field is innervated by the chorda tympani nerve. The palatal field is innervated by the greater superficial petrosal nerve. These nerves are branches of the facial nerve. The posterior lingual fields are innervated by the lingual branch of the glossopharyngeal nerve. Epiglottal taste buds are innervated by the superior laryngeal branch of the vagus nerve.
Electrophysiological recordings from terrestrial and aquatic vertebrates show that the facial taste fields are most sensitive to sweet, salty (Frank et ah, 1988; Frank et al. y 1983; Nejad, 1986) , and amino-acid stimuli (Caprio, 1988) . The glossopharyngeal fields are most sensitive to bitter and sour stimuli (Frank, 1991; Hanamori et al., 1988) . The epiglottal field responds poorly to nonionic taste stimuli but responds vigorously to ionic stimuli and water (Smith and Hanamori, 1991; Bradley et al., 1983) . Cross-reinnervation studies in adult rodents in which the nerves are forced to grow to foreign fields show that taste sensibilities reside in taste-bud receptors and do not change with the source of afferent innervation (Oakley, 1985) .
Sensory axons outnumber taste buds in rodents by four to one for the anterior lingual field (Beidler, 1969) . Furthermore, as many as a dozen taste buds provide input to a single chorda tympani neuron (Miller, 1971; Pfaffmann, 1970) . Thus, an average taste afferent nerve fiber gathers input from a number of taste buds, and a taste bud is providing input to a number of different neurons. Nonetheless, populations of taste afferents in the chorda tympani nerve show similar response spectra (Figure 7) . Also, indistinguish- Taste able response spectra are seen when separate parts of the receptive field of a neuron are stimulated independently (Oakley, 1975) . The number of fungiform papillae comprising receptive fields (Nagai et al., 1988) and the location of the receptive fields (Boudreau et al., 1985) differ for neurons with different chemical sensibilities. These findings suggest that a primary taste afferent gathers similar information from every part of its characteristic receptive field. The set of chemicals that activate chorda tympani neurons differs across species. For example, the chorda tympani nerve of the herbivorous golden hamster is composed of specialist neurons that selectively respond to sugars or sodium/lithium salts and generalist neurons that respond to a wide spectrum of ionic stimuli (Frank et al., 1988;  Figure 7 ). In contrast, populations of neurons in the facial nerve of the carnivorous cat respond primarily to certain amino acids (e.g., L-cysteine, L-proline, L-histidine, L-lysine) or Bronsted acids (Boudreau et al., 1985) . The spectrum of chemicals to which an individual generalist taste-afferent responds includes chemicals differing in taste quality. For example, ionic generalist neurons of hamsters respond to NaCl, which has a unique taste to hamsters (Nowlis et al, 1980; Frank and Nowlis, 1989) , as well as many other ionic stimuli that do not taste like NaCl (e.g., KC1, HC1). Specialist taste neurons appear to detect essential chemical features that are likely to be encountered in the food sources of the species. For example, the Na/Li specialist chorda tympani neurons detect an essential mineral (sodium) that is transduced via a passive sodium channel that is blocked by amiloride (see above).
A. PATHWAYS
The responsiveness of the Na/Li detectors can be reversibly affected by dietary constraints such as a low-sodium diet in adults (Contreras and Frank, 1979) , as well as irreversibly during earlier, critical periods in ontogeny (Hill, 1987) . Na/Li-sensitive neurons develop more slowly than other taste afferents in some mammalian species, and their development is associated with a decrease in receptive field size (Nagai et al., 1988) . The information that the primary afferent taste neurons relay to the brain stem is not fixed from birth but develops with age and is sensitive to nutritional constraints.
VII. TASTE IN THE BRAIN STEM: NUCLEUS OF THE SOLITARY TRACT
Primary afferent neurons for taste project ipsilaterally to the rostrolateral portion of the nucleus of the solitary tract (Hamilton and Norgren, 1984) , which also receives general visceral sensory projections, mediocaudally (Contreras et al., 1982; Figure 8 ). This nucleus extends through most of the dorsal medulla oblongata. The intermediate nerve, containing the centrally projecting axons of chorda tympani and greater superficial petrosal neurons with soma in the geniculate ganglion, enters the solitary tract most rostrally. Glossopharyngeal and vagal afferents enter the tract in sequence, more caudally. Taste afferent axons run rostrocaudally in the solitary tract, exiting to end on dendritic processes in the adjacent central and lateral divisions of the nucleus (Whitehead and Frank, 1983; Whitehead, 1988) . Oral trigeminal afferents, which process general sensory (e.g., thermal, mechanical) stimuli for the anterior tongue, also project to the solitary nucleus. Their projection site is more caudal than taste projection for the anterior tongue (Contreras et al., 1982) . Taste projections are topographic, but there is considerable overlap. Anterior tongue and palatal taste fields are represented most rostrally; representations of posterior lingual and epiglottal fields are more caudal. In some primates, taste afferent axons terminate in a rostral extension of the nucleus (Beckstead and Norgren, 1979) , anterior to the point of entry of the intermediate nerve and the beginning of the solitary tract (Norgren, 1984) .
The organization of the taste portion of the mammalian nucleus of the solitary tract is difficult to study because it is small and borders that separate it from visceral portions of the solitary nucleus are not clear. However, the facial lobe, a homologous structure, is a dorsal extension of the medulla seen in certain fishes that are highly specialized for taste (Finger, 1987) . This "hypertrophied" taste nucleus is somatotopically organized, with the representation of each cutaneous taste field segregated in a separate lobule. In some fish, neurons that respond to taste stimuli rim the surface of a lobule, and neurons more deeply located respond to mechanical stimulation of the same field (Hayama and Caprio, 1989) . The representations of chemical and mechanical stimuli for the same cutaneous fields are apposed to one another.
As noted above, individual primary taste afferent neurons receive input from several taste buds, but that convergent input is highly organized. Information regarding chemical features is transmitted to the brain stem over separate neural populations (see above). Recordings from secondary taste neurons in the solitary nucleus indicate that they also receive convergent input. First, individual brain stem neurons typically respond to more stimulus categories than do the primary afferent neurons (Travers et al., 1987) . Second, receptive fields are about four times larger for taste neurons in the solitary nucleus than those for primary afferent neurons (Vogt and Mistretta, 1990) . Third, about half of the neurons recorded in the rat solitary nucleus receive input from several oral taste fields (Travers et al., 1986) . The convergence is typically for inputs from the anterior lingual taste field, via the chorda tympani nerve, and a taste field that lies directly above it on the rat's palate, via the greater superficial petrosal nerve (Figure 9) . Some of the brain stem neurons respond to the same stimulus category on the two separate taste fields. Others, however, are stimulated by salt on the tongue and sugar on the palate. The pattern of convergence may relate to the site to which the recorded neuron projects. For example, field-and stimulus-specific neurons may project forward to the thalamus, whereas field-and stimulus-convergent taste neurons may project downstream. Many neurons in the nucleus project downstream to motor nuclei in the brain stem (Ogawa et al., 1984; Travers, 1988) .
In spite of convergence of afferent inputs onto brain stem taste neurons in the solitary nucleus, distinct roles for different taste-bud fields (Travers and Norgren, 1991) and specific afferent types Jacobs et al., 1988) appear to be preserved or even enhanced (Scott and Giza, 1990) in the brain stem. In addition, the effects of forebrain-mediated learning, which can change a stimulus from positive to negative, are accompanied by changes in response patterns of neurons in the solitary nucleus (Chang and Scott, 1984) . Thus, as the convergence of taste buds onto peripheral afferents is highly organized, so are ascending influences from different taste-bud fields and descending influences from higher levels of the nervous system onto brain stem taste neurons. Besides relaying sensory information about sweet, salty, sour, and bitter to the forebrain, the nucleus of the solitary tract is involved in the integration of taste-mediated reflexes (Travers et al., 1987) . (1986) .)
The solitary nucleus is the first central nucleus for taste in all mammals yet investigated. However, the second central taste nucleus is in the brain stem in rodents (Norgren and Leonard, 1973) but in the forebrain in primates (Beckstead et al., 1980) . In rodents, the special sense of taste and general visceral (interoceptive) sensory systems both project upstream a short distance from the solitary nucleus to parabrachial nuclei in the pons. The taste projection to the parabrachial nucleus is primarily to the central medial region, but there is also a small projection to the ventral lateral region (Halsell and Frank, 1991) that has been implicated in general visceral function (Cechetto, 1987) . This latter region could allow for interactions between taste and general visceral inputs required for the learning of conditioned taste aversions (see below). Taste and visceral portions of the parabrachial nucleus project to the thalamus as well as ventral forebrain structures such as the amygdala and hypothalamus (Halsell, 1992) . Taste-responsive neurons in the parabrachial nucleus fall into relatively congruent classes that are involved in detecting sweet stimuli and sodium salts, but there is controversy about their detection of sour-bitter stimuli (Smith et al., 1983; Travers and Smith, 1984; Nishijo and Norgren, 1990) . In primates, cells in a general visceral portion of the solitary nucleus project to pontine parabrachial nuclei, whereas cells in a gustatory part of the solitary nucleus project directly to the thalamus (Figure 10 ). 
VIII. TASTE IN THE FOREBRAIN: VENTRAL POSTEROMEDIAL THALAMIC NUCLEUS AND OPERCULAR/INSULAR CEREBRAL CORTEX
The parts of the mammalian forebrain that have been identified as components of the primary afferent taste pathway lie close to the general somatic sensory areas specific for the tongue epithelium (Finger, 1987) . The thalamic taste area, a parvicellular division of the ventral posteromedial nucleus in primates, is adjacent and medial to the somatosensory lingual representation (Beckstead et al., 1980) . It is at this level where taste representations become bilateral in mammals, although the ipsilateral projection appears to be much stronger in primates. Portions of the thalamic gustatory representations are separate from lingual general sensory representations, but there is overlap. The anterior lingual taste field is represented rostral to the posterior lingual field, as it is in the brain stem. Thus, the taste projections remain grossly somatotopically organized to this level.
Physiological studies of the thalamic taste area have been especially sparse. Thalamic taste neurons appear to have somewhat more complex response properties than do brain stem taste neurons or primary taste afferents. About half of these thalamic neurons respond rather specifically to stimuli of one taste quality, with the great majority most sensitive to either sweet sucrose or salty NaCl. Few thalamic taste-responsive neurons respond to negative bitter-sour stimuli, which contrasts with solitary nucleus neurons also recorded in alert primates (Scott et al. 9 1986).
The other half of the neurons in the same thalamic taste region show patterns of inhibition, "anticipating" presentation of taste stimuli (Pritchard et al., 1989) . Thus, the primary forebrain relay for taste in primates introduces complexity in response properties of neurons not seen in the brain stem, suggesting a role in sensory-motor integration of ingestive behavior.
Similar to the thalamic taste representation, primary taste cortex is located near the lingual somatosensory representation. In gyrencephalic primates, taste cerebral cortex is buried within the invaginated frontal operculum and contiguous anterior insula (Pritchard et al., 1986;  Figure 10 ). In lissencephalic rodents, primary taste cortex is found ventral to lingual somatosensory representations in insular cortex, immediately below the representation for lingual temperature, which is, in turn, below the lingual tactile representation. The physical separation of the lingual somatosensory and taste representations by the intervening representation of the larynx in primates argues for a separate taste cortex, as does the localization of taste responses in agranular cortex and tactile and temperature responses in granular cortex in the rat (Kosar et al., 1986) . Furthermore, the taste representation is primarily uncrossed, whereas somatosensory representations are primarily crossed. Anterior lingual taste fields are represented rostral to posterior lingual fields in taste cortex, as they are at all lower levels. Thus, all central taste areas, brain stem to forebrain, are grossly somatotopically organized. In addition, a loose chemotopic organization of projections from the anterior lingual taste field is seen in the cortex. In the rat taste cortex, neurons most responsive to sucrose are found dorsal to neurons most responsive to NaCl, HC1, and quinine, which are located progressively more ventrally (Yamamoto, 1984) . Response properties of taste-responsive neurons in primary taste cortex are complex. Inhibition/excitation, off responses, and increased stimulus specificity are seen in significant numbers of the neurons.
Recordings from primate primary taste cortex suggest a considerable specificity in taste responsiveness (Scott et al., 1986) . Many neurons respond to one stimulus category, and some neurons are most responsive to a natural mixture. Sweet sucrose, black currant juice (the mixture), and salty NaCl were the most effective taste stimuli. However, the great majority of neurons within the designated area are not taste responsive; <5% respond to taste stimuli, 10% respond to mouth movements, and 1% anticipate taste stimuli . This scarcity of taste-responsive neurons makes the designation of the area as "primary sensory cortex" problematic. Neurons in the area project forward to the orbitofrontal cortex and back to the thalamic taste area in primates. In rodents, projections back to thalamic and brain stem taste areas are seen. These centrifugal projections could mediate effects of learning seen in the brain stem of rodents. Neurons in the secondary taste cortex of primates are influenced by motivational state; a response to a specific taste falls to zero as it is presented over and over again (Rolls et al., 1989) . By establishing response properties, these studies are beginning to unravel higher functions of cortical taste-responsive neurons.
IX. TASTE-MEDIATED BEHAVIORS: REFLEXES, PREFERENCES, APPETITES, CONDITIONED FOOD AVERSIONS, AND DISORDERS
Primary taste neurons play a role in the organization of many reflexive motor patterns, including swallowing, mastication, salivation, and acceptance/rejection. For example, introduction of a taste solution into the oral cavity of a normal or decerebrate mammal (including anencephalic infants) calls forth a series of complex movements or fixed action patterns (Grill and Berridge, 1985) . In themselves these movements would result in ensuring that the solution was either retained or extruded from the oral cavity. The neural elements required are complete within the brain stem; the forebrain need not be involved. These motor patterns are associated with behaviors that, in intact animals that eat and drink, result in the expression of preferences and aversions. Amphetamines, which decrease appetite, do not affect elicitation of positive or negative fixed action patterns to taste stimuli in rats. However, benzodiazepines, which increase appetite, enhance positive reactions to taste stimuli (Treit and Berridge, 1990 ). This suggests a direct effect of benzodiazepines on brain stem taste mechanisms rather than an effect secondary to anxiety reduction. Amphetamines, which stimulate the central nervous system, can result in decreased bitter thresholds (Mata, 1963 ). An increased ability to concentrate on the threshold task may account for this effect rather than increased taste sensitivity.
To many mammalian species, sugar solutions are palatable but quinine solutions are aversive. Sugar preferences are initiated by the activation of sugar-sensitive peripheral taste neurons in primates (Pfaffmann et al., 1976) and hamsters (Rehnberg et al., 1990) . Some species prefer NaCl solutions of moderate strength when replete for sodium but prefer much stronger solutions when deprived of sodium. This sign of sodium appetite is associated with a decrease in responsiveness of primary taste neurons specialized for detecting sodium salts, which may reduce the natural aversiveness of strong salt solutions (Contreras and Frank, 1979) . If responses of sodium-specialist afferents are inhibited, the animals neither show sodium appetite (Bernstein and Hennessy, 1987) nor distinguish between the tastes of sodium salts and non-sodium salts (Hill et al., 1990) . Innate taste preferences are not profoundly affected by lesions in forebrain taste areas. Thus, taste plays a role in reflexive behaviors. Chemicals for which appetities or preferences are shown are possibly identified by specialist neurons in peripheral nerves.
The sense of taste in many species plays a crucial role in the learning of food aversions (Garcia et al., 1985) . In species that identify foods by taste, associating gastrointestinal distress with a taste can be achieved in one trial. In subsequent trials, foods with that taste are avoided. Such aversions are not easily established to stimuli of other sensory modalities, including smell. However, a highly potent stimulus configuration for establishing food aversions is a taste-smell mixture. Taste-smell interactions, which frequently occur during eating, potentiate this special kind of learning. It occurs in humans (Logue, 1985) and is associated with chemotherapy (Bernstein, 1985) , which may serve as the unconditioned stimulus. Food aversions cannot be learned by decerebrate animals. Specific food aversions are difficult to establish after lesions of the taste cortex, and aversions learned before lesioning the taste cortex are not recalled (Kiefer, 1985) . Thus, the learning and retention of specific taste aversions requires the primary taste cortex.
People suffering from a taste loss (Frank and Smith, 1991) may fail to taste chemicals of particular taste qualities (specific ageusias) or may be less sensitive to all taste stimuli (hypogeusia) (Tomita et al., 1986a and b; Bartoshuk, 1989) . Failure to appreciate bitter substances in the normal range of concentrations occurs in the elderly and sometimes follows severe head trauma (Mott, 1992) . The basis for bitter taste loss is unknown. Humans show a great range in ability to detect certain bitter substances (phenylthiocarbamide and related compounds; Figure 1 ). About one third of humans hardly detect the bitterness at all, a third find the compounds mildly bitter, but a third find the compounds extremely bitter (Lawless, 1987) . The ability to detect the bitterness of phenylthiocarbamide appears to have a genetic basis. After some severe viral infections of the upper respiratory tract, a general hypogeusia appears that may persist for many years (Mott, 1991) . The possibility that some viruses invade taste receptors or primary neurons, which are repaired in time, has been entertained.
Taste losses have also been associated with various drugs (Table 1) . For example, medication with penicillamine (Keiser et al., 1968) and captopril (Abu-Hamdan et al., 1988) , sulfhydrylcontaining amino-acid derivatives, results in increased thresholds for the detection and recognition of sweet, salty, sour, and bitter compounds in some patients. Effects are greater after longer medication periods (>6 months) and higher doses (Abu-Hamdan et al., 1988) . Metallic dysgeusia is also reported as a side effect (see below). Low plasma and high urinary zinc levels have been measured in humans using these medications in some studies (Abu-Hamdan et al., 1988) , and severe zinc deficiency clearly produces taste deficits in animals (Catalanotto et al., 1986) . The ability of these drugs to chelate metal cations, particularly zinc, may be the immediate cause of taste losses.
The most disturbing taste disorder is dysgeusia, in which the sufferer chronically experiences an unpleasant taste (Scott, 1989) . The taste may be described as salty, bitter, or metallic, and is always unpleasant. The basis for this disorder is not known, although many medications are reported to produce dysgeusias (Mott, 1992) . Difficulties with these reports, however, include (1) failure to exclude olfactory involvement (Gent etal., 1987) , (2) confusion of chemosensory terms, (3) small numbers of studied cases, and (4) unavoidable subjectivity (Mott, 1992) .
Among other medications, those used in the treatment of bacterial infections, psychosis, arthritis, and hypertension can sometimes result in metallic dysgeusia (Table 2) , the most common form of reported dysgeusia. The evidence for metallic tastes due to medications varies from reports of single rare cases (Magnasco and Magnasco, 1985) to surveys of large numbers of patients via questionnaires (Coulter, 1988) . These reports indicate clearly that some medications, such as D-penicillamine (Hochberg, 1986) , result in metallic dysgeusias in more than 25% of patients. Also, higher doses of medications such as Li 2 CO 3 result in a greater incidence of metallic dysgeusia (Greenberg et al., 1989) . Most reports indicate disappearance of the dysgeusia quickly upon termination of the medication, but dysgeusias developed with some medications, such as captopril, can persist for months in some patients (Coulter, 1988) .
Proposed mechanisms for metallic dysgeusia include the possibility that the medication, or biochemicals that are produced in response to the medication, appear in saliva or the blood supply of taste buds (Hellekant et al., 1986) and directly activate the taste system. These chemicals could also activate the olfactory system, retronasally.
Iron salts have no taste if the nose is clamped but have a metallic ' 'taste'' with the nose open. Patients who have had the chorda tympani sectioned in the middle ear may complain about a metallic taste (Grant et al., 1989) , and "metallic" is used frequently to describe the electric-taste sensation (Frank and Smith, 1991) . Although eliminating direct contact of metal electrodes to the tongue results in a pure "sour" electric taste sensation (Bujas et al., 1984) , there is no reason to believe that the olfactory system would be activated after chorda tympani section. The term metallic may be used in reference to sensations mediated by the taste system or olfactory system, as is the term sweet.
X. SUMMARY
The sense of taste is an oral chemical sense that can influence health through diet. Taste receptor cells occur in taste buds that are distributed in oropharyngeal taste fields located on the anterior tongue, posterior tongue, palate, and epiglottis. Initial transduction of taste stimuli is thought to involve several mechanisms that utilize the properties of specific chemical stimuli. Transduction of ionic stimuli, which are primarily salty and sour, can utilize ion channels directly. Topical oral application of medications that affect ion channels profoundly affects ionic tastes. Nonionic stimuli, which are primarily sweet and bitter, likely bind proteinaceous receptors or otherwise affect cell membranes of receptor cells. Although aging progressively affects all taste qualities, lipophilic bitter taste is reduced most 
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Serum levels are given for Li 2 CO 3 ; amounts were prescribed: four per day (tetracycline), three per day (penicillamine); dose information for captopril was not provided. and hydrophilic sweet taste least. Taste loss with aging is characterized by increased thresholds, but especially a decrease in perceived differences in stimulus intensity. Primary taste afferent neurons, which detect the different stimulus categories, are specialists or generalists and project via three cranial nerves to the nucleus of the solitary tract in the brain stem. Specialists primarily detect stimuli of one taste quality; generalists detect stimuli of several taste qualities. In primates, the gustatory rostral pole of the solitary nucleus projects to the ventral posteromedial thalamus, which in turn projects to the frontal opercular/insular cortex.
The different taste fields are represented topographically in brain stem and forebrain taste areas. Brain stem taste neurons receive complex patterns of input from primary afferent neurons. An individual brain stem neuron may respond to a single stimulus category in a single taste field. However, another neuron may respond to several stimulus categories in several taste fields. Forebrain taste neurons are, in general, more highly tuned to single stimulus categories than are brain stem neurons, although they are intermingled among many neurons that have no specific taste function. Primary taste afferent neurons and brain stem taste neurons play roles in ingestive reflexes and in the detection of nutrient sources for which innate preferences and appetites are shown.
Medications that affect the taste central nervous system may affect appetite. Learned food aversions, in which taste stimulation plays a crucial role, require taste forebrain areas for retention and specificity. A complete loss of taste is rare; perhaps because there are many taste fields. Taste losses can result from systemic medications that affect cell turnover or chelate metals. Some people are profoundly affected by taste disorders, particularly dysgeusia, which can result from systemic medications. Taste disorders cannot be reversed at present, but as more is learned about the sense of taste, treatments are likely to become available.
ACKNOWLEDGMENTS
This work was supported by NIH grant NS DC00168: The Connecticut Chemosensory Clinical Research Center.
